Advances in environmental proteomics
In 2013, analysis of soil protein diversity and functions using the tools of molecular biology (soil proteomics) reached the age of twenty since the pioneering work by Ogunseitan (1993) that initiated the environmental proteomics era in microbiology. This milestone publication stood alone for several years while most investigators continued the long-standing tradition of studying selected proteins, except for additional contributions to refine methodology and applications (Ogunseitan, 1996 (Ogunseitan, , 1997 (Ogunseitan, , 1998 . Subsequently, Craig and Collins (2002) initiated a research program to detect proteins markers of human settlements in archaeological surveys, for archaeological site interpretation. The 'lag phase' of environmental proteomics ended in mid-2000s with a series of studies beginning with the soil metaproteomic study of soil microbial communities in Cd contaminated soils published by Singleton et al. (2003) . Since then, the potential of research on proteins in the environment as an unprecedented approach for monitoring past and current biochemical processes in the environment became clear, also supported by the development of the mass spectrometry (MS) based proteomics (Aebersold and Mann, 2003) .
In the last decade environmental proteomics has broadened its analytical spectrum to various natural and polluted soil types, plant phyllosphere and rhizosphere, waters and other environmental matrices, such as organic wastes and mine spoils (Wilmes and Bond, 2004; Tyson et al., 2004; Ram et al., 2005; Schulze et al., 2005; Benndorf et al., 2007; Chourey et al., 2010; Williams et al., 2010; Wang et al., 2011; Wu et al., 2011) . Early environmental proteomics aimed at developing efficient methods for increasing the yield of protein extraction in the direction 'the more the proteins the better', leading mostly to inventories of bulk soil proteins than to discovery of relevant protein expression profile of soil microbial communities. While the progress of analytical methods allowed wider application of the proteomic approach to the most recalcitrant environmental matrices, it also led to a more 'technology driven' than 'hypothesis-driven' research for soil proteomics, particularly with the revolutionary application MS. However, a peculiar aspect of research in soil proteomics is that some of the major concepts developed and tested in decades of research in soil microbiology and biochemistry were not adequately exploited. Here, we focus on four key concepts related to soil microbial activity and ecology that, if considered will lead to a more rigorous framework of soil proteomics and its powerful inclusion in predictive quantitative models of environmental change.
Challenges posed by diversity and dynamics of the soil microbiome
The pedosphere hosts the largest and most complex diversity of microorganisms among terrestrial ecosystems (Torsvik et al., 2002) , and currently there are no laboratory or field techniques for resolving the theoretical complexity of soil microbial diversity and its metaproteome (Keller and Hettich, 2009 ). Detection and characterization of key microbial species in soil with annotated proteomes pinned to specific physiological processes is the "holy grail" of soil metaproteomics. Inconsistencies between the occurrence of well-defined taxonomic groups and results of soil proteomic analysis are due largely to insufficient annotation of proteomic information as compared to the genomic information (Table 1) , particularly for strains of naturally occurring organisms (Fig. 1) . Integrating proteomicegenomic approaches can reveal the spatio-temporal pattern of phenotypic expression, subject to the limitations imposed by the labile nature of protein molecules (Tyers and Mann, 2003) . Such approaches have been successfully implemented in low diversity biotopes such as acid mine drainage, where genomic data pointed to proteins from dominant community members microbial communities and the proteomic analysis for the characterization of the active metabolic pathways responsible for Fe oxidation by the dominant Leptospirillum and Ferrobacillum strains (Tyson et al., 2004; Ram et al., 2005) . This strain resolution approach, focusing on the proteomic profiling of specific members of the soil microbiome with sufficiently well annotated proteome ( Fig. 2 ) may greatly advance our understanding of biodiversityactivity patterns in soils.
Most soil microorganisms are presumed to be in a viable but non-culturable state (Schloss and Handelsman, 2005) because they are resting cells or otherwise dormant, and/or they cannot be cultivated with the currently available growth media and conditions. Although we do not fully understand the soil conditions leading to changes in microbial viability in situ and culturability under laboratory conditions, some metabolic pathways involved in the physiological transition phases of bacteria have been elucidated from in vitro studies, and purported stress-related proteins (e.g. phasins) are produced by resting cells (Nystrom, 2005) . Surprisingly such biomarker proteins have not been reported in soil proteomic studies, questioning this presumption in soil microbial ecology.
Species dominance within the soil microbiome also poses a challenge for proteomics (Janssen, 2006) . The patchy distribution of limiting nutrients and moisture in natural soils often translates to local hot spots of rapid growth or local extinction for species. This phenomenon poses a difficulty for sampling schemes used in proteomic assessments of the structure and function of microbial communities, especially for interdisciplinary studies and the interpretation of results based on observations where the dominant species are not annotated.
Challenges posed by local and global environmental change
The urgent need to predict anthropogenic impacts on the local and global environment warrant the integration of models accounting for functions associated with agents of change and mediators of responses. Patterns of abundance and diversity of soil proteins is a potentially important indicator of ecosystem functioning in part because their synthesis reflects the high microbial Table 1 Example of genomic and proteomic information available in NCBI (www.ncbi.nlm.nih.gov) and Expasy SwissProt (www.expasy.org) database for organisms belonging to various kingdoms (September 2013), of specific interest for soil proteomics.
Genomes (NBCI)
Proteins ( None sensitivity to changes in soil and environmental conditions. For example, attempts to predict the responses of agricultural productivity and biogeochemical cycling to global climate change must necessarily include the role of soil proteins involved in carbon and nitrogen dynamics. However, the potential of soil proteomics is currently limited by the difficulties of distinguishing between intracellular and extracellular proteins, for example, in the wellstudied case of extracellular enzymes that persist in soils but are not synthesized by viable organisms at the time of extraction (Burns, 1982) . Soil microorganisms typically contain approximately 5% of the total soil nitrogen. Therefore, a large amount of soil proteins are sorbed onto reactive soil solid phases or trapped into organo-mineral complexes (Tomaszewski et al., 2011) . Extracellular proteins constitute a dominant background against which newly expressed protein profiles of the soil microbiome must be resolved. Microbial-derived N in soil has been mainly recovered as associated to the acid-hydrolyzable humic fraction, mostly as proteinaceous materials and amino acids, less as amino-sugars, whereas there is still uncertainty about the heterocyclic N compounds. Alkaline-SDS solutions commonly used for soil protein extraction solubilize a minor proportion of total soil N. The paucity of data on soil N/protein N is compounded by the challenges facing precise quantification of whole soil proteins because interferences from coextracted polyphenolics (Roberts and Jones, 2008) either prevent quantitative in-gel or off-gel proteomics (e.g. 2-DiGE, iTRAQ, ICAT), and make it difficult to produce quantitative data on soil proteomics suitable for inclusion in the general numeric models of environmental change. The relative rarity of key function protein molecules against a background of abundant and diverse structural proteins may be responsible for the low rate of unique discoveries in soil metaproteomic studies, despite the rapid progress in protein extraction and detection methodologies. Even the most exhaustive studies are only able to identify 10e300 proteins (Benndorf et al., 2007; Chourey et al., 2010; Williams et al., 2010; Wang et al., 2011; Wu et al., 2011) . Soil proteolytic activity (Renella et al., 2002) and geochemical denaturation are partially responsible for the low yield of protein extraction and identification. Post-expression modifications also pose challenges for protein identification by MS analysis because of the methodological dependence on existing content of proteomic databases. There is a need, therefore, for developing a database of post-translational protein modifications FNVD  ETAYT  GSWG  RPQR  DGPA  LRATA  MIGF  GQWL  LDNG  YTSTA  TDIV   IHTFD  PEAA  CDDS  TFQPC  SPRAL  ANHK  EVVD  SFRSI  YTLN  DGLS  DSEA   DVSL  DFFK  ALYS  DAAT  GTYS  SSSST  YSSIV  DAVK  TFAD  GFVSI  VETH KEGG, OTUs, COGs (e.g. phosphorylation, glycosylation) to enhance the interpretation of results in environmental proteomics studies. Further, developing a database of "wildtype" strains recovered from field sampling experiments will complement existing studies, especially if such strains are used as 'internal indicator species' in subsequent microcosm experiments to provide estimates of the efficiency of protein recovery and fingerprinting (Luo et al., 2007; Giagnoni et al., 2011 Giagnoni et al., , 2012 Giagnoni et al., , 2013 . Although much progress has been made on the identification and quantification of specific proteins within heterogenous mixtures through multi-dimensional chromatography coupled to MALDI or ESI MS, these approaches remain inherently qualitative (Cox and Mann, 2008) . The situation can be improved for environmental proteomics through enhanced targeting of specific precursor ions, their fragmentation and the detection of ions in a triple or quadruple MS. Selected multiple reaction monitoring (SRM) or multiple reaction monitoring (MRM) are now capable of targeting up to 100 proteins simultaneously (Picotti et al., 2010) . However, targeted proteomics is not yet a routine method because it requires sophisticated instrumentation set up and customized expertize, but its further development should provide new insights on the factors regulating the expression of key proteins (e.g. intracellular enzymes) in the environment.
Future prospects of soil proteomics
This vicennial provides a chance for a critical evaluation of the achievements in environmental proteomics, with applications particular to soil science and environmental change. We identify gaps and needs for future applications of proteomics for the analysis the biochemical pathways active in complex environmental matrices. It is clear that the potential number of distinct proteins, and differences in protein expression levels in natural environments exceed the range of electrophoresis-assisted proteomics. Emphasis on developing more sophisticated off-gel proteomics and bioinformatics is increasingly warranted. Progress in soil and environmental proteomics will be accelerated by soil 'microbiomics', the integration of metagenomics, proteomics, transcriptomics, and metabolomics, to generate datasets from different soils, providing rigorous cross-laboratory verification of data among the increasing number of environmental biologists that will take the challenge in the coming years.
